The regional, functional as well as metabolic consequences of inotropic stimulation on myocardium subjected to prolonged moderate ischemia were investigated. In 35 enflurane-anesthetized swine the left anterior descending coronary artery was cannulated and perfused at constant flow. The vein paralleling the left anterior descending coronary artery was cannulated for measurement of lactate and oxygen content. Transmural biopsies from the anterior myocardium were taken for the measurement of ATP, creatine phosphate, and glycogen. After control measurements, flow was adjusted to reduce regional contractile function (expressed as a work index, determined by sonomicrometry) by approximately 50%o. After either 5, 25, 40, or 85 minutes of moderate ischemia, dobutamine was infused for 5 minutes into the ischemic region. In a separate group of five swine also subjected to 85 minutes of ischemia followed by infusion of dobutamine and 2 hours of reperfusion, triphenyltetrazolium chloride staining and light microscopy were used to identify infarcted tissue. Moderate ischemia (regional myocardial blood flow, 0.21±0.07 ml min-l* g-', determined by radiolabeled microspheres) was associated with a reduction of creatine phosphate after 5 minutes (from 9.35+2.54 to 6.43+ 1.06 gmollg wet wt, p<0.05) and a further reduction after 25 minutes (3.18±0.69 j,mol/g wet wt, p<0.05). Thereafter, creatine phosphate recovered despite continued ischemia (after 40 minutes, 4.95±1.37 jamol/g wet wt; after 85 minutes, 5.78±2.27 ,umol/g wet wt). Lactate consumption during control conditions was reversed to production after 5 minutes of ischemia, which moderated during more prolonged ischemia. Without changing regional myocardial blood flow, infusion of dobutamine increased the work index significantly at any time point but also caused worsening of metabolic markers of ischemia. Nevertheless, even after 85 minutes of ischemia followed by the infusion of dobutamine and 2 hours of reperfusion, there was no evidence of necrosis. This experimental model provides a means of characterizing the mechanisms of short-term hibernation. Myocardial ischemia has been described as an imbalance between energy supply and demand. In the initial seconds after a sudden reduction of coronary blood flow, the energy demands of the myocardium most certainly exceed the reduced energy supply. However, ischemia initiates mechanisms (still poorly defined) that result in a loss of regional contractility in proportion to the loss of blood flow."2 Thus, a "perfusion-contraction" matching reduces the initial supply-demand imbalance.5,6 In experimental studies, blood flow was reduced to cause a 40% reduction in systolic wall function, which was maintained for 5 hours with eventual full functional recovery upon reperfusion and without myocardial necrosis in the left ventricular (LV) free wall.7 Furthermore, myocardium subjected to moderate ischemia partially normalizes some metabolic markers of ischemia, as indicated by the return of creatine phosphate (CP)89 and reduced lactate production,910 despite continued ischemia and contractile dysfunction.
T he extent of contractile dysfunction during acute regional myocardial ischemia closely parallels the severity of the blood flow deficit."S2 Although the contractile dysfunction from a total coronary occlusion suggests metabolic failure and impending cell necrosis, the contractile response to more moderate ischemia may be viewed quite differently. The contractile dysfunction associated with such moderate ischemia may serve as a protective mechanism by which reduced myocardial energy demand that is caused by reduced contractile work can prolong the metabolic integrity of the ischemic myocardium. This ischemia-induced "downregulation" of contractile function3 is characteristic of the clinical condition referred to as "hibernating" myocardium.4
mechanisms responsible for the contractile dysfunction can be partially overridden. Additionally, the response to an inotropic challenge demonstrates that energy is available in the ischemic myocardium to support inotropic activation. It is not known whether such inotropic responsiveness persists with more prolonged moderate ischemia. However, since the metabolism tends to improve during prolonged moderate ischemia,8-10 inotropic responsiveness may persist or even improve in the hibernating myocardium. Such inotropic reserve may be characteristic of successfully downregulated viable myocardium and thus could be of diagnostic value to identify such areas. The objective of the present study was to follow the time course of the inotropic responsiveness of myocardium subjected to prolonged moderate ischemia, to determine its aerobic and anaerobic metabolic correlates, and to examine the transmural functional response. To accomplish these objectives, the following hypotheses were tested: 1) The inotropic responsiveness of myocardium subjected to moderate ischemia persists for up to 90 minutes. 2) Inotropic challenge of the ischemic downregulated myocardium disrupts the existing supply-demand "balance" and reverses the recovery of metabolic markers.
3) The inotropic response of the ischemic myocardium is transmurally heterogeneous.
These hypotheses were tested in a well-characterized anesthetized swine model"l-14 in which coronary perfusion could be precisely controlled and measurements of contractile wall function and regional blood flow could be made. The taking of quick-frozen serial transmural biopsies was added to this model to allow measurement of myocardial CP, ATP, and glycogen content. The results indicate that inotropic reserve is maintained throughout 90 minutes of moderate ischemia. During prolonged moderate ischemia, inotropic challenge causes a worsening of the metabolic markers of ischemia and a reversal of the observed partial recovery of these markers; these effects are independent of the time at which the challenge is initiated. Finally, despite a transmural heterogeneity of blood flow during moderate ischemia, the inotropic reserve appears to be transmurally homogeneous.
Materials and Methods
The experimental protocols used in this study were reviewed and approved by the Bioethical Committee of the District of Dusseldorf, and they adhere to the guiding principles of the American Physiological Society.
Experimental Model
Thirty-five Gottinger miniswine kg) of both sexes were used for these studies. The swine were fasted for 10 hours before the study; swine that are fasted for more prolonged periods have little lactate consumption because of high plasma levels of free fatty acids. Initial sedation using ketamine hydrochloride (1 g i.m.) was followed by anesthesia with thiopental (Trapanal, 250 Through the cervical incision, both common carotid arteries and internal jugular veins were isolated. The arteries were cannulated with polyethylene catheters, one for measurement of arterial pressure and the other to supply blood to the extracorporeal circuit. The veins were cannulated for volume replacement using 0.9% NaCI warmed to 370C and for the return of blood to the animal from the coronary venous line (see below).
A left lateral thoracotomy was performed in the fourth intercostal space, and the pericardium was opened; a single bolus of pancuronium (4 mg i.v.) was administered just before the thoracotomy to facilitate use of an electrocautery. A micromanometer (model P7, Konigsberg Instruments, Pasadena, Calif.) was placed in the LV through the apex together with a saline-filled polyethylene catheter (used to calibrate the micromanometer in situ) and secured with a pursestring suture. Ultrasonic dimension gauges (System 6, Triton Technologies, Inc., San Diego, Calif.) were implanted in the LV wall to measure either regional wall thickness or segment length changes as indicators of regional contractile performance. One pair of ultrasonic crystals was implanted across the posterolateral free wall to monitor wall thickness of a control nonischemic region distant from the perfusion-controlled anterior wall. A second gauge measured wall thickness of the anterior wall within the perfusion bed of the left anterior descending coronary artery (LAD). Two additional gauges were implanted to measure inner wall and outer wall segment shortening in the same region as the anterior wall thickness gauge. Both inner and outer wall segment gauges were oriented perpendicular to the external long axis, as defined by a line connecting the apex and the bifurcation of the left main coronary artery.15 Both gauges used the same entry tracts; one was positioned subendocardially at a depth of approximately 10 mm, and the second gauge was implanted subepicardially in the outer 3 mm of the wall. Segment gauges were secured in place with a shallow epicardial suture.
The proximal LAD was dissected over a distance of 1.5 cm and ligated; the distal LAD was perfused from an extracorporeal circuit. Before coronary cannulation, the pigs were anticoagulated with 20,000 units sodium heparin; additional doses of 10,000 units were given at hourly intervals. The system included a roller pump, windkessel, Doppler flow probe (System 6, Triton Technologies), and two side ports, one for the injection of radiolabeled microspheres and the other for dobutamine infusion." Coronary perfusion pressure was meathroughout the study using enflurane (1-1.5%) with a sured from the side arm of a polyethylene "T" connee-tor (Cole-Parmer Instrument Co., Chicago, Ill.) used as a catheter tip with an external transducer (type 4-3271, Bell and Howell, Pasadena, Calif.). The large epicardial vein parallel to the LAD was dissected and cannulated. Coronary venous blood was drained to an unpressurized reservoir and then returned to a jugular vein through use of a second roller pump. Heart rate was controlled throughout the study by left atrial pacing (type 215/T, Hugo Sachs Elektronik, Hugstetten, FRG). The completed preparation was allowed to stabilize for at least 30 minutes before control measurements were made. The flow-constant perfusion pump was adjusted so that mean coronary perfusion pressure approximated peak LV pressure. However, since minimum coronary perfusion pressure was not allowed to fall below 70 mm Hg under control conditions to avoid an initial hypoperfusion, mean coronary perfusion pressure slightly exceeded peak LV pressure. A stable, unchanging coronary perfusion pressure was taken as an indication that the preparation had stabilized and that the LAD perfusion bed had fully recovered from the transient ischemia (-10-15 seconds) associated with the coronary cannulation procedure.
Regional Myocardial Function
End diastole was defined as the point when LV dP/dt started its rapid upstroke after crossing the zero line. 16 Regional end systole was defined as the point of maximal wall thickness within 20 msec before peak negative dP/dt.16 Furthermore, the postsystolic wall thickening that occurred beyond peak negative dP/dt was determined (PTH).17 Systolic wall thickening was calculated as a percent of the end-diastolic wall thickness (WT%). In view of the ventricular asynchrony observed during regional ischemia and inotropic activation,18 a "work index" was calculated." In brief, wall thickening or segment shortening was multiplied by the instantaneous LV chamber pressure; this product was then integrated throughout ventricular systole. Thus, dimensional change against a load during systole was used as an estimate of regional myocardial work.
Regional Myocardial Blood Flow
Radiolabeled 15-,um-diameter microspheres ("'Ce, '"In 51Cr, ll'Sn, 03Ru, 95Nb, or 46Sc, NEN/Du Pont Co., Boston) were injected into the coronary perfusion circuit (1-2x 10' suspended in 1 ml saline) to determine the regional myocardial blood flow and its distribution throughout the perfusion bed. This procedure for the determination of blood flow has been validated extensively." The blood flow to a given piece of myocardium was calculated by counting its radioactivity content and then multiplying by the ratio of total blood flow to the LAD (measured by the calibrated Doppler flow system) to the total radioactivity content of a given isotope in the entire perfusion bed (measured by summing the radioactivity in all isotope-containing myocardial samples)."1 Radioactivity was measured in a gamma counter using a Nal crystal and a multichannel analyzer (model 5912, Gammaszint BF 5300, Packard, FRG). Correction for the overlap of spectra and calculation of regional myocardial blood flow were performed using a matrix equations. 19 Only the blood flow to the tissue at the site of the ultrasonic crystals was reported, and this piece of tissue was divided into transmural thirds of approximately equal thickness. Nevertheless, blood flow to all portions of the LAD perfusion bed was Myocardial lactate metabolism was measured using simultaneously drawn 1-ml coronary venous and arterial blood samples. The blood samples were stabilized by the addition of 20 gul/ml of 1.07 M NaF/170 mM EDTA followed by deproteinization with HC104 (final concentration, 0.43 M). Lactate was dehydrogenated by LDH and NAD. To complete this reaction, the formed pyruvate was removed from the equilibrium by transamination with GPT and glutamate. After a reaction period of 50 minutes, the generated NADH was determined photometrically.20
Transmural myocardial biopsies (-10 mg each) were taken from the LAD perfusion bed for analysis of ATP, CP, and glycogen content. Care was taken to ensure that the biopsies originated from within the LAD perfusion territory (using epicardial arteries as landmarks) but distal to the site of the ultrasonic dimension gauges and blood flow measurements. A 1.5-mm-diameter bit was used in conjunction with a modified dental drill. Negative pressure within the drill bit facilitated the taking of the sample, whereas reversal to positive pressure was used to rapidly expel the sample into a stainless-steel mortar cooled with liquid nitrogen. The sample was then immediately "freeze clamped" using a steel pestle also cooled with liquid nitrogen. The time from tissue sampling to clamping was 1-2 seconds; samples requiring longer time for acquisition were not used for this inversion technique for the resolution of simultaneous analysis. Holes 
Morphology
In five pigs subjected to 85 minutes of ischemia followed by infusion of dobutamine and 2 hours of reperfusion, the heart was removed and sectioned from base to apex into five transverse slices in a plane parallel to the atrioventricular groove. The tissue slices were immersed in a 0.09 M sodium phosphate buffer (pH 7.4) containing 1.0% triphenyltetrazolium chloride (TTC, Sigma Chemie GmbH) and 8% dextran (molecular weight, 77,800) for 20 minutes at 37°C to identify infarcted tissue. After fixation in phosphate-buffered formalin and counting of radioactivity, the myocardium of the anterior and posterior (control) region that contained the ultrasonic crystals was further processed for histological evaluation. Ten to 20 transmural slices of 10-,um thickness from each myocardial region were cut and then stained with hematoxylin and eosin. All slices were examined by the same investigator, who did not know the assignment of specimens to a particular region or swine. Necroses were characterized by hemorrhage, enhanced acidophilia, nucleolysis, and polymorphonuclear leukocyte margination and infiltration. 23 
Experimental Protocols
Each observation period began with simultaneously drawn pairs of arterial and coronary venous blood samples (1 ml per sample); one pair was used for oxygen content measurement, and the other was used for the measurement of lactate content. During the blood sampling, microspheres were injected into the perfusion system for the measurement of regional myocardial blood flow. Coronary perfusion pressure was continuously monitored during the injection to ensure that coronary perfusion pressure was unaffected by the injection. Hemodynamic data and regional dimension data were recorded during the microsphere injection. Immediately after the microsphere injection, the myocardial biopsies were obtained.
After control measurements, blood flow to the LAD was reduced to a level sufficient to reduce WT% by 50%. This adjustment period lasted approximately 3 minutes; thereafter, no further changes in flow were made. After 2 minutes more of steady-state ischemia (5 minutes from the onset of flow reduction), a second set of measurements was begun. Group 1. In group 1 (n =6) the response to dobutamine after 10 minutes of ischemia was determined. Immediately after completion of the second set of measurements (initiated after 5 minutes of ischemia and completed between 7 and 8 minutes of ischemia), dobutamine hydrochloride (2.5+1 ,g/min, Lilly, Giessen, FRG) was infused into the LAD perfusion circuit. After an additional 2-3 minutes when a stable response to dobutamine was achieved, a third set of measurements was made. The effects of the dobutamine infusion were confirmed by changes in regional wall performance and characteristics of LV dP/dt, which displayed an increased peak positive value and a decreased peak negative value. 
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Group 5. An additional five swine were also subjected to 85 minutes of ischemia followed by 5 minutes of dobutamine infusion. After a total of 90 minutes, the anterior myocardium was reperfused for 2 hours to facilitate the identification of potentially necrotic tissue. In this group of swine, no biopsies for biochemical analyses were taken.
Group 6. Group 6 (n=4) served as a time-matched control series. Measurements were made without ischemia during control conditions and at 5, 25, 45, and 90 minutes to ensure stability of the experimental preparation over the time needed for the longest ischemia protocol (group 4). Group 7. In group 7 (n=3) the effect of dobutamine per se on regional myocardial metabolism was investigated. Therefore, the perfusion system was set to maintain constant coronary arterial pressure. After measurements of regional myocardial blood flow and metabolism under control conditions, dobutamine was infused in the same concentration (2.5 1 4.g/min) as in the other groups. When steady-state conditions of hemodynamic and functional parameters were observed, measurements of regional myocardial blood flow and metabolism were repeated.
At the end of each study, arterial blood was collected in a graduated cylinder for use in calibrating the coronary blood flow measurements. The disappearance rate of blood from the graduated cylinder was measured with a stopwatch at each pump setting used in a given protocol. This served as an absolute calibration of the flow system. Just before the swine were killed with excess intravenous KCI, methylene blue dye was injected into the coronary perfusion system of all swine except those in group Figure 2 ) after 5 minutes of ischemia. The work index calculated from the segment gauges in the inner and outer wall fell to only 64±18% and 59±26% of control (both p<0.05), respectively. Infusion of dobutamine after 10 minutes of ischemia resulted in no significant change in WT%, but the transmural work index increased to 60±6% of the control value (p<0.05, Figure 2) ; both the inner (80±19% of control, p=NS) and outer (90±19% of control, p=NS) segmental work indexes tended to increase. WT% of the posterior (control) wall was 31.6±8.2% under control conditions and did not change significantly during ischemia or the intracoronary dobutamine infusion.
Myocardial metabolism. Moderate ischemia resulted in a decrease in regional MVo2 to 61±12% of the control value (p<0.05). At 5 minutes of ischemia, CP content was reduced, and lactate consumption was reversed to lactate production (both p<0.05, Figure 2 ).
Infusion of dobutamine caused a further reduction in CP and an additional increase in lactate production (both p<0.05, Figure 2 ). Myocardial glycogen content tended to fall after 5 minutes of ischemia (87±29% of control, p=NS) and fell further with the dobutamine infusion (61 ± 14% of control,p<0.05 versus control and 5 minutes of ischemia). Myocardial ATP content did not change within the first 5 minutes of ischemia (97±16% of control, p=NS) or the subsequent dobutamine infusion (86±14% of control,p=NS). MVo2 was unchanged by the dobutamine infusion.
Group 2 (30-Minute Ischemia)
Hemodynamics and blood flow. Transmural blood flow to the anterior wall was reduced to 51±7% (p<0.05), whereas coronary perfusion pressure fell to 48±4% of the control value (p<0.05) after 5 minutes of ischemia. LV end-diastolic and peak pressures remained unchanged, whereas LV dP/dt decreased to 82±5% of the respective control value (p<0.05). No further changes were observed between 5 and 25 minutes of ischemia. Infusion of dobutamine after 30 minutes of ischemia resulted in no significant changes in blood flow or hemodynamics, except for an increase in positive LV dP/dt to 100±13% (p<0.05 versus 25 minutes of ischemia) and a decrease in negative LV dP/dt to 48% of the control value (p<0.05).
Regional myocardial function. After 5 minutes of ischemia, WT% was reduced to 46±6% and the transmural work index decreased to 45 ±5% of the respective control value (both p<0.05). The work index calculated from the segment gauges in the inner and outer wall was reduced to 90±16% (p=NS) and 54±23% (p<O.05) of the control value, respectively. No significant changes occurred between 5 and 25 minutes of moderate ischemia. Infusion of dobutamine after 30 minutes of ischemia did not change WT% but increased the transmural work index (Figure 3 ). Inner and outer segmental work indexes were not significantly changed. WT% of the posterior (control) wall was 34.5±10% under control conditions and did not change throughout the protocol.
Myocardial metabolism. Five minutes of moderate ischemia resulted in a decrease in regional MVo2 to 56+16% of the control value (p<0.05). CP content fell, and lactate consumption was reversed to lactate production ( Figure 3 ). Myocardial glycogen content was reduced to 82±27% of the control value (p=NS) after 5 minutes of ischemia. Prolongation of ischemia to 25 minutes had no further effect on MVo2 or myocardial ATP content (84±19% of control, p=NS), whereas lactate production tended to increase. Both CP ( Figure  3 ) and myocardial glycogen content (61 +±15% of control,p<0.05) decreased further. Infusion of dobutamine caused a further decrease in glycogen content to 37+12% of the control value (p<0.05 versus control and 25 minutes of ischemia) and increased lactate production ( Figure 3 ). MVo2 was unaffected by the dobutamine infusion, and CP tended to decrease further.
Group 3 (45-Minute Ischemia)
Hemodynamics and blood flow. After 5 minutes of ischemia, transmural blood flow to the anterior wall was reduced to 54±19% of the control value, whereas coronary perfusion pressure fell to 43+±5% of the control value (both p<0.05). LV end-diastolic and peak pressures remained unchanged, whereas LV dP/dt decreased to 84+10% of the control value (p<0.05). No further changes were observed between 5 and 40 minutes of ischemia. Infusion of dobutamine after 45 minutes of ischemia resulted in no further significant changes in blood flow or hemodynamics, except for an increase in positive LV dP/dt to 99+±8% (p<0.05 versus 40 minutes of ischemia) and a decrease in negative LV dP/dt to 51+22% of the control value (p<0.05 versus control and 40 minutes of ischemia).
Regional myocardial function. WT% was reduced to 54+10% of the control value, and the transmural work index decreased to 48±6% (both p<0.05) after 5 minutes of moderate ischemia. The work index calculated from the segment gauges in the inner and outer wall was reduced to 72+13% and 71+23% (bothp=NS), respec- tively. There was a tendency for a further decrease in function between 5 and 40 minutes of moderate ischemia (Figure 4,p=NS) . Infusion of dobutamine after 45 minutes of ischemia resulted in an increase in transmural work index (p<0.05, Figure 4) ; inner and outer segmental work indexes were not significantly changed. WT% of the posterior (control) wall was 35.6±6.3% under control conditions and did not change throughout the protocol.
Myocardial metabolism. Five minutes of moderate ischemia resulted in a decrease in regional MVo2 to 62±20% of the control value (p<0.05). CP content fell, and lactate consumption was reversed to lactate production (both p<0.05, Figure 4 ). Myocardial glycogen content was reduced after 5 minutes of ischemia to 69+14% of the control value (p<0.05). Prolonging the ischemia to 40 minutes had no further effect on MVo2 or myocardial ATP content (87±25% of control, p=NS). Myocardial lactate production tended to decrease, whereas CP tended to return toward the control value (Figure 4) . Infusion of dobutamine again caused increased lactate production (p<0.05, Figure 4 ) and decreased glycogen (50 +21% of control, p<0.05 versus 40 minutes of ischemia) and CP content (p<0.05, Figure 4 ); ATP and MVo2 were unaffected.
Group 4 (90-Minute Ischemia)
The hemodynamic parameters, regional blood flow data, work indexes, and metabolic parameters for group 4 are presented in Table 2 .
Hemodynamics and blood flow. Transmural blood flow to the anterior wall was reduced from 0.61±0.11 to 4) . Infusion of dobutamine after 90 minutes of ischemia resulted in an increase in the transmural work index by 117% (p<0.05). After 2 hours of reperfusion, the transmural work index in the anterior wall was 30% of that under control conditions. WT% of the posterior wall was 27.3+7.5% under control conditions and remained stable throughout the protocol.
Morphology. Using TTC staining, a small infarction of 5-mm2 surface area was detected in the subepicardium of the anterior wall in one single animal, which was clearly related to one suture to secure the epicardial crystal patch. Other than that, there was no evidence for necro- sis using T1C. Also, microscopic examination of the myocardial sections containing the ultrasonic crystals revealed no contraction bands, hemorrhage, or polymorphonuclear leukocyte margination and infiltration.
Group 6 (90-Minute Normoperfusion) The hemodynamic parameters, regional myocardial blood flow data, work indexes, and metabolic parameters under control conditions and after 90 minutes of 
Discussion
The results of this study demonstrate that myocardium subjected to moderate ischemia for up to 90 minutes remains viable and can still respond to adrenergic activation with an increase in myocardial work. Thus, our first hypothesis, that inotropic reserve persists during prolonged moderate ischemia, is supported. The moderate ischemia itself was characterized by sustained impairment of regional contractile function and regional MVo2 but by gradually improved CP content (similar to observations of Pantely et a18 and Arai et a19) and attenuated lactate production (similar to observations of Arai et a19 and Fedele et al'0). Inotropic stimulation, however, reversed these metabolic improvements, indicating a renewed metabolic supplydemand imbalance. Since dobutamine infusion caused a further reduction of myocardial glycogen content together with a significantly enhanced lactate production at unchanged MVo2, specifically anaerobic metabolic mechanisms appear to be used during inotropic challenge in this setting. This was true for the response to dobutamine infusion at all time points up to 90 minutes of ischemia. Thus, our second hypothesis that inotropic challenge disrupts the metabolic stability of the downregulated myocardium is also supported. Finally, despite a transmural heterogeneity of blood flow during moderate ischemia, the inotropic reserve appears to be transmurally homogeneous. Changes in wall thickening dynamics were more sensitive to ischemia and also responded to a greater degree to dobutamine than did segmental changes. Based on these observations, the third hypothesis suggesting a transmurally heterogeneous inotropic reserve could not be substantiated.
The Downregulated or Hibernating Myocardium
Contractile dysfunction during nontotal ischemia likely represents more than a mere reflection of ischemic severity and impending infarction. The energysparing effect from the loss of regional contractility may be an important mechanism through which the myocardium adjusts to an ischemic period. In this context, it is important to distinguish the effects of total ischemia on regional function, myocardial metabolism, and cellular integrity from what occurs during more moderate ischemia when flow is reduced but not completely absent. Total ischemia, as studied experimentally or as observed during coronary thrombosis or vasospasm in a patient without substantial collateral vessels, is well known to produce cell death within approximately 20 minutes in the inner wall, with progressive necrosis across the wall over time, the so-called "wave front" of infarct formation.25 Moderate low-flow ischemia, such as produced in the present study, is characterized by less intense regional contractile dysfunction (reduced but persistent systolic work) and a marked transmural heterogeneity of blood flow. Unlike total ischemia, such moderate ischemia can be maintained for prolonged periods without the development of irreversible damage. In the present study, a reduction in WT% by 60-70% for 90 minutes was maintained without the development of irreversible damage. However, only slight recovery of contractile function could be observed after 2 hours of reperfusion; i.e., the myocardium remained "stunned."26 Matsuzaki et a17 subjected dogs to ischemia sufficient to reduce WT% by 40% for 5 hours. Although recovery of function on subsequent reperfusion required 1 week, function recovered fully, and necrosis was absent from the left ventricular free wall.
PTH during ischemia has been suggested to predict the recovery of contractile function in dysfunctional segments subjected to acute coronary occlusion and reperfusion in a canine model of stunned myocardium.2728 Also, in patients, PTH in areas with severely reduced or absent systolic contractile function identified myocardial segments that were viable and showed improved function after successful revascularization. 29 Whereas postsystolic wall excursion may thus identify viable tissue, it does not distinguish ischemic from reperfused myocardium.29 '30 In the present study, increased PTH developed with the onset of ischemia and remained unchanged during 85 minutes of ischemia; the inotropic response to dobutamine was associated with a decrease in PTH. The fact that irreversible tissue damage was excluded by TTC staining and histology is consistent with, but provides no proof for, the use of PTH as a prognostic marker for contractile recovery.
The lack of irreversible damage after 90 minutes of ischemia with a reduction in subendocardial blood flow to 0.12-0.16 ml * min'1 g`was surprising. In dogs such a reduction in blood flow would be expected to cause at least some necrosis after 90 minutes (2+1% at a flow of 0.12+ 0.02 ml * min-1 g-1).31 It is not clear whether this discrepancy reflects species differences or the markedly lower ventricular performance and thus presumably oxygen demand of the anesthetized pig preparation.
The ability of the ischemic myocardium to survive an ischemic insult may well be related to whether sufficient residual blood flow exists to allow the myocardium to adapt metabolically. Fedele et al10 observed that in anesthetized pigs in which a coronary stenosis was maintained for 3 hours, a progressive improvement in coronary venous Pco2 and pH as well as myocardial lactate metabolism occurred despite constant hypoperfusion and reduced MVo2. Pantely et al,8 also using an anesthetized pig model, measured myocardial CP content during moderate ischemia and reported a normalization after 1 hour despite a persistent and unchanged blood flow reduction and regional contractile dysfunction. The results of the present study are consistent with both of these previous studies. We observed an initial reduction of CP content after 5 minutes of moderate ischemia, a nadir at 25 minutes of ischemia, and then a return of the CP content toward the control value as the ischemia was extended to 85 minutes. Lactate consump-tion by the myocardium under control conditions was reversed to lactate production at 5 minutes of ischemia. Although lactate was still being produced after 85 minutes of ischemia in group 4, the amount of production appeared to be reduced. It should be noted that in the study by Fedele et al,10 return of lactate consumption was reported after 3 hours of moderate ischemia. We have previously shown that lactate release from the acutely ischemic myocardium is closely correlated to the level of flow reduction and is associated with enhanced exogenous glucose uptake. 13 The present results indicate that, whereas myocardial glycogen content became slightly depressed early during the ischemia, it was remarkably stable and did not undergo further reductions until the application of inotropic stimulation. Thus, the maintained lactate production during 90 minutes of moderate ischemia was not associated with continued depletion of myocardial glycogen stores and likely resulted from the anaerobic metabolism of exogenous glucose. 13 One may speculate that the fall in CP and the enhanced lactate production seen early during ischemia are characteristic of the supply-demand imbalance occurring immediately after coronary flow reduction. The onset of regional contractile dysfunction acts to restore the energetic balance, at least in part. The new downregulated state appears to be set by the absolute level of residual blood flow, i.e., a perfusion-contraction matching.5'6 It may be inappropriate to conclude that downregulation fully restores the supply-demand balance since the flow limitation is still resulting in impaired contractile function. Regional myocardial function and thus presumably demand continue to decline during 85 minutes of ischemia, although this change was not significant (Table 2 ). This ongoing further reduction in function may further support the normalization of ischemic metabolism.
The return of CP toward its control level is consistent with its metabolic role as proposed in the CP "shuttle" hypothesis.32 According to this hypothesis, oxidative phosphorylation in the mitochondria produces ATP, but the high-energy phosphate bond is exported into the cytosol in the form of CP through the action of a mitochondrial CK. The cytosolic high-energy phosphate pool exists in the form of CP, which can then be used at the myofibril as needed through the action of the myofibrillar CK. CP content, therefore, may serve as a barometer of the balance between energy supply (mitochondrial oxidative phosphorylation) and demand (primarily determined by usage at the myofibril). Under normal conditions, large changes in myocardial work load do not affect the content of CP (in pig33 and dog34), meaning that the CK reaction is not rate limiting in that setting. During early ischemia, however, oxygen delivery becomes flow limited, thereby slowing oxidative phosphorylation and ATP/CP production. Since regional contractile function is initially (for a few contractions) unchanged, utilization of CP also proceeds at a control level, thus resulting in a depletion of the CP pool. Downregulation of regional contractile function, somehow triggered by the ischemia, reduces energy usage sufficiently to allow a stabilization and partial normalization of the CP content. This may be a characteristic feature of myocardium that has compensated for that will not undergo infarction. Since lactate production in the downregulated myocardium persists above the very minimal control level,13 enhanced anaerobic energy production appears to also play a role in adapting the myocardium to the ischemic conditions.
Inotropic Challenge of the Downregulated Myocardium
Imposition of an inotropic stimulus on the ischemic downregulated myocardium disrupts this ischemic metabolic balance. The present data indicate that after 10, 30, 45, and 90 minutes of ischemia inotropic challenge with dobutamine caused further increases in lactate production while myocardial glycogen stores fell further, both indicating further enhanced anaerobic metabolism. The reliance on primarily anaerobic mechanisms for meeting the metabolic demands of the increased work is supported by the observation that regional MVo2 remained unchanged. Increased lactate production and impaired recovery of function were also observed in hypoxic papillary muscles when stimulated to contract as compared with resting papillary muscles. 35 In the present study, CP content fell significantly during inotropic stimulation at all time points examined, indicative of the renewed supply-demand imbalance and consistent with its suggested use as a supplydemand barometer.
Recently, a similar disruption of the developing metabolic balance after 60 minutes of moderate ischemia through imposition of a chronotropic challenge was reported.9 Increasing heart rate by atrial pacing in this particular study, however, increased the severity of ischemia and thus reduced regional myocardial blood flow, function, and CP content and increased lactate production. Since the severity of ischemia was increased, the metabolic deterioration during pacing does not conclusively demonstrate active downregulation of energy demand during the preceding more moderate ischemia. In contrast, inotropic challenge with dobutamine in the present study did not change regional myocardial blood flow but increased regional function and impaired metabolic recovery. Such dissociation between increased function and impaired energy metabolism at an unchanged severity of ischemia indeed provides evidence for energy availability during prolonged moderate ischemia that is not used to support baseline contractile function.
The dobutamine challenge in the present study was short, lasting only long enough for regional contractile function to initially stabilize and for measurements to Moderate low-flow ischemia, as imposed in the current study, is transmurally heterogeneous. Subepicardial blood flows are significantly higher than subendocardial blood flows in all experimental groups and at all time points examined. It is reasonable to assume that, since the ischemia is transmurally heterogeneous, the inotropic reserve may also be neterogeneous transmurally. For this reason, both inner and outer wall segment length gauges were used in conjunction with the transmural wall thickness gauge. However, no transmural differentiation with respect to the response to ischemia or to the inotropic challenge was detected in any experimental group. The reasons for such a functional homogeneity despite perfusion heterogeneity are not clear but may relate to transmural tethering.36
Limitations of Experimental Approach
This study examined the effects of regional myocardial ischemia on regional contractile function and regional metabolism. For that reason, techniques have been applied to obtain such regional measurements. The sampling of venous blood from an epicardial coronary vein provides a more regional assessment than would coronary sinus sampling. Nevertheless, even epicardial vein sampling may be affected by effluent coming through coronary venous collateral channels and represents a transmural averaging. This is particularly true during ischemia, when blood flow distribution is transmurally heterogeneous. Because of this limitation, only transmural MVo2 and lactate production have been calculated without attempting transmural differentiation. Our biopsy technique also sampled transmurally; we could not divide our tissue samples since they became highly distorted by the freeze-clamping. Thus, our technique attempted to freeze tissue as rapidly as possible but sacrificed the possibility of dividing it transmurally. Despite marked perfusion heterogeneity, the metabolic response to ischemia appears to be more uniform,37 thereby minimizing the underestimation of the metabolic consequences of ischemia that were due to our examining only transmural samples.
Measurements of regional contractile function did provide transmural differentiation, although, perhaps surprisingly, no transmural differentiation was observed. Although providing useful information on myocardial contractile function, the measurement of deformation along a single orientation (wall thickness or segment length) does not reflect the total three-dimensional stress-strain relation that ultimately characterizes regional contractile function. The work index used in the present study considers at least both dimensional deformation and load. During situations of ventricular asynchrony, such as in response to dobutamine in the present study, the work index may provide even qualitatively different information than systolic wall excursion (Table 2) . Wall excursion throughout systole reflects the regional contribution to ejection, which is reduced during the asynchronous contraction, whereas the work index reflects regional myocardial energy expenditure, which is enhanced by dobutamine.
We have examined only one form of inotropic stimulation, the infusion of dobutamine. Dobutamine was selected because of its selective effects on the inotropic state without vasoactive properties or change in heart rate." In this model, dobutamine can be administered into the hypoperfused coronary artery with minimal effects on systemic hemodynamics that could independently alter regional contractile function in the ischemic region. Since dobutamine activates myocardial adrenoceptors, which ultimately affect the myocardial inotropic state through changes in calcium flux, it is likely that similar effects would have been observed with other adrenergic agonists or calcium.
Conclusions and Perspectives
Myocardium subjected to moderate ischemia remains viable and retains an inotropic reserve over a 90-minute time course, during which metabolic markers of ischemia improve toward the control level. The recovery of metabolic markers and the persistence of inotropic reserve are observed despite the persistence of regional contractile dysfunction and depressed regional MVo2.
Through downregulation of regional contractile function and a concomitant enhancement of anaerobic metabolism, an initial supply-demand imbalance is attenuated, which may prolong the viability of the ischemic myocardium. Increasing the inotropic state of the ischemic myocardium in this setting disrupts the downregulated supply-demand balance with further glycolysis, production of lactate, and loss of CP. Imposing such an imbalance on the ischemic myocardium must be assumed to further jeopardize the metabolic integrity of the ischemic myocardium and facilitate irreversible cell damage.
The clinical differentiation between dysfunctional but downregulated and viable from dysfunctional and irreversibly damaged myocardium is essential for objective decision making concerning revascularization procedures. Regions demonstrating enhanced glucose uptake (e.g., using F18-deoxyglucose positron emission tomography38) and relatively normal high-energy phosphate content (e.g., using volume-selective 31P nuclear magnetic resonance spectroscopy37) despite blood flow reduction and regional contractile dysfunction would be prime areas for reperfusion. Alternatively, ischemic and dysfunctional regions without detectable glucose uptake and with depressed CP are likely undergoing an active supply-demand imbalance or are already irreversibly damaged. Although the ischemic downregulated myocardium retains an inotropic reserve that can be accessed through activation of myocardial adrenoceptors, such activation disrupts the metabolic supply-demand balance that may be critical to the viability of the hypoperfused myocardium.
Myocardial ischemia may be reversed on reperfusion, but complete recovery of contractile function may require substantial time. This phenomenon of postischemic dysfunction has been termed myocardial stunning.26 Thus, both the hibernating and the stunned myocardium are characterized by a state of reversible contractile dysfunction. In the hibernating myocardium, ischemia is still ongoing; in the stunned myocardium, blood flow is fully or almost fully restored. Also, in both the hibernating and the stunned myocardium, regional contractile function is increased during inotropic interventions,3940 excluding a lack of energy supply as the major underlying mechanism of contractile dysfunction. Thus, to distinguish hibernating, stunned, and necrotic tissue, all of which are characterized by contractile dysfunction, an inotropic challenge with simultaneous analysis of function, flow, and metabolism is required.
